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Introduction

28
Alkali-activation technology is attracting the attention of industry and academy as a 29 suitable alternative for valorisation of large streams of industrial wastes and by-products, 30
for the production of environmentally friendly cementitious materials. Alkali-activated 31 binders can develop advantageous properties for application in the construction sector,3 application of the final product. This means that the activator dose varies from study to 66 study, and therefore there is not a good understanding of the role of the concentration of 67 activation in the microstructural development or durability of alkali-activated materials. 68
69
Carbonation of cementitious materials is understood as the chemical reaction taking 70 place between the hydration products composing the binders and the CO2 from the 71 atmosphere, leading to the formation of carbonates. This has been identified as one of the 72 potential disadvantages of alkali-activated binders, compared with Portland cement, as 73 the earlier studies assessing the susceptibility of degradation of these cements, via 74 acceleration carbonation tests, showed higher potential to develop carbonation problems 75 than conventional Portland cement [17] [18] [19] . Recent studies have demonstrated that the 76 mechanism of carbonation in alkali-activated binders is strongly dependent on the type 77 of the precursor used (aluminosilicates or granulated blast furnace slag) [9, 20, 21] , the 78 nature of the activator [17] and the accelerated carbonation testing conditions such as 79 relative humidity [22] , and CO2 concentration [23] . Therefore, the general statement that 80 alkali-activated materials will carbonate more than Portland cement is inaccurate, as 81 there are too many variables controlling how and when carbonation of these binders is 82 going to occur, and limited correlation has been identified between natural and 83 accelerated carbonation results for alkali-activated slag materials [23] . 84
85
In order to gain a better understanding of the effect of the alkali concentration on the 86 fresh paste properties of alkali-activated slag/metakaolin blends, Vicat testing and 87 isothermal calorimetry were carried out in this study. Compressive strength evolution of 88 the pastes was also tested. Mortars were produced with selected paste formulations, and 89 their resistance to accelerated carbonation was evaluated after 28 days of curing. 
Materials 94
The primary raw material used in this study was a granulated blast furnace slag (GBFS; 95 kg/m 3 and Blaine fineness 399 m 2 /kg. The particle size range, determined through laser 98 granulometry, was 0.1 -74 m, with a d50 of 15 m. 99 100 The metakaolin (MK) used was generated in the laboratory by calcination of a kaolin 104 containing minor quartz and dickite impurities. Calcination was carried out at 700°C in 105 an air atmosphere, for 2 hours. The particle size range of the metakaolin was 1.8 -100 106 µm, with a d50 of 13.2 µm and d10 of 4 µm, and Blaine fineness 391 m 2 /kg. Alkaline 107 activating solutions were formulated by blending a commercial sodium silicate solution 108 with 32.4 wt.% SiO2, 13.5 wt.% Na2O and 54.1 wt.% H2O, together with 50 wt.% NaOH 109 solution, to reach overall desired molar ratios (SiO2/Al2O3 (S/A) and Na2O/Al2O3). 110 111
Sample synthesis and test procedures 112 113
Pastes 114
Pastes formulated with an overall (solid fraction in the activator + solid precursor) 115 SiO2/Al2O3 (S/A) molar ratios of 3.6, 4.0 and 4.4, GBFS/(GBFS+MK) ratios of 0.8 (20 wt.% 116 MK), 0.9 (10 wt.% MK) and 1.0 (0 wt.% MK), with a constant water/(GBFS + MK + solid 117 fraction in the activator) ratio of 0.23, were produced in accordance with the standard 118 procedure ASTM C305-06 [24] . The water/solid ratio of these pastes was determined 119 accordingly to the procedure ASTM C187 [25] . The relationship between the overall oxide 120 ratios and the concentration of the activator (expressed as Na2O wt.% relative to the 121 amount of precursor to activate), is presented in Table 2 . The modulus of solution (Ms = 122 molar ratio SiO2/Na2O) of the activators used is between 0.9 -1.5. 123 with these formulations has been achieved [27, 28] , which motivates the detailed 128 understanding of the structure developed in these materials. 129
130
In fresh pastes, setting time was determined using the Vicat apparatus by following the 131 standard procedure ASTM C191-08 [29] . The setting process of these mixes was also 132 assessed by isothermal calorimetry (JAF calorimeter) at 25°C, over the first 40 hours of 133 reaction. Fresh paste was mixed externally (40g of total mix), weighed into polystyrene 134 vessels, and immediately placed in the calorimeter. 135 136 Table 2 . Equivalence between overall oxide ratios (precursor+activator) and activation 137 concentration (% Na2O by mass of GBFS + MK) used for the preparation of the pastes 138 
140
For compressive strength testing, five specimens were cast in a cylindrical mould (40 mm 141 height and 20 mm diameter) and stored in hermetic containers at a relative humidity of 142 90% and a temperature of 27 ± 2 °C for 1, 7, 28, 56 and 180 days. 143 144
Mortars 145
samples were formulated with a constant water/(slag + metakaolin + solid fraction in the 149 activator) ratio of 0.47 and a binder/sand ratio of 1:2.75. This water/solids ratio is 150 significantly higher than the used for producing pastes, however, it was selected in order 151 to replicate the content of water used for producing concretes with similar binder 152
formulations [27] . The specimens were cast in cubic moulds with dimensions of 50.8 x 153 50.8 mm, and stored under controlled humidity (relative humidity (RH) 85%) and 154 ambient temperature (~25°C) for 24 h. Samples were then demoulded and cured under 155 RH of 90% and a temperature of 27 ± 2 °C for 28 days. 156 157
Accelerated Carbonation 158
After 28 days of curing the mortar specimens were removed from the humidity chamber, 159 dried at 60C for 24 h, and then the top ends of the specimens were covered using an 160 acrylic resin (Acronal ®), applying a minimum of 4 layers, to direct the ingress of CO2 161 through the selected faces of the cubes during testing. Samples were then transferred to 162 the carbonation chamber for CO2 exposure, without application of an intermediate drying 163 or conditioning step. This was done to minimise the potential microcracking and 164 differences in sample maturity, which would be observed if they were conditioned for 165 extended periods at the testing relative humidity [22], a step which is specified in many 166 testing protocols. The conditions used were a CO2 concentration of 1.0 ± 0.2%, a 167 temperature of 20 ± 2ºC, and RH = 65 ± 5 %. 168 169 Specimens were removed from the chamber after 340 or 540 h of exposure, and the depth 170 of carbonation was measured by treating the surface of a freshly cleaved specimen with 171 a 1% solution of phenolphthalein in alcohol. In the uncarbonated part of the specimen, 172
where the mortar was still highly alkaline, purple-red colouration was obtained, while no 173 there was no colour change observed in the carbonated region. Each result is reported as 174 the average depth of carbonation measured at eight points, using two replicate samples 175 (four points per sample; the standard deviation of each carbonation depth measurement 176 is similar to or smaller than the size of the points on the graphs where plotted). 
215
A substantial increment in the difference between initial and final setting times is 216 observed in pastes formulated with a GBFS/(GBFS+MK) ratio of 0.9 (10 wt.% MK) ( Table  217 3). Specifically, samples with an S/A ratio of 4.0 (~11 wt.%Na2O) exhibited an initial 218 setting time twice that of pastes formulated under the same conditions solely based on 219
slag. This high concentration of activation is expected to favour the dissolution of 220 metakaolin over the slag, which extends the setting time of the blended binders. In the 221 activation process of metakaolin it has been identified [37] that an increased alkalinity 222 leads to increased setting times as a consequence of the favoured dissolution of Al and Si 223
species. 224 225
In the blended systems, a higher content of metakaolin leads to longer setting times, 226 which is consistent with delayed dissolution of the Ca species from the slag in the early 227 stages of reaction. The fact that comparable total setting times are identified under the 228 different activation conditions assessed indicate that once the dissolution and 229 polycondensation of the Al and Si species from the metakaolin take place, the Si and Al 230 present in the pore solution shift the speciation equilibrium and drive the dissolution of 231
Ca by complexing with it, forming calcium silicate hydrate type gels and forcing more Cato dissolve. A similar effect is identified in pastes with a GBFS/(GBFS+MK) ratio of 0.8 (20 233 wt.% MK), exhibiting increased setting times when activated at higher concentrations of 234 activation. 235 236
Isothermal calorimetry 237
Alkali activation of slag at highly alkaline concentrations induces changes in the evolution 238 of heat release (Figure 1 ), compared with the heat release curves reported for 239 comparable binders activated under more moderate alkaline conditions [15] , which is 240 associated with modifications in the mechanism of reaction. The heat evolution curves of 241 slag-based pastes activated with an S/A ratio of 3.6 (~9 wt.% Na2O, Figure 1A of the reaction products. This is consistent with the reduced initial setting times identified 255 in the pastes activated under these activation conditions, which suggests that at early 256 stages of the reaction the activation of slag under extremely high alkaline conditions 257 promotes the fast dissolution of Si-rich species, and their condensation over the surface 258 of the partially dissolved slag particles leads to the hardening of the paste. Consequently, 259
it can be suggested that the very short setting times obtained from the Vicat test may 260 correspond to early stiffening and an increased yield stress rather than true setting, and 261
thus cannot be associated with the formation of complex reaction products in the binder, 262 which takes place later in the reaction process. 263
264
At the early stage of the reaction, the slag-based paste formulated with increased 265 concentration of activation (9.9 wt.% Na2O) presents a low intensity initial peak, which 266 is assigned to the pre-induction period of the reaction when the start of dissolution of the 267 slag particles is taking place. With the progress of the reaction, this peak shows a gradual 268 decrease in its intensity until reaching a constant value, consistent with the partial 269 initiation of an induction period. A second peak is observed after four hours of testing, 270 consistent with the acceleration-deceleration period where the precipitation of a large 271 amount of reaction products occurs. 272
273
Binders with a GBFS/(GBFS+MK) ratio of 0.9 ( Figure 1B ) present a single peak of heat 274 release associated with the acceleration period. An increased intensity of this peak is 275 identified at higher concentrations of activation. When samples are activated at ~11 276 wt.%Na2O (S/A = 4.0), an increment in the total maximum heat release is identified after 277 28h of testing compared with mixes activated with lower concentrations of activation, 278 which indicates the delayed precipitation of reaction products at early age. This is 279 associated with the hindrance of the activation reaction by the excessive concentration 280 of alkalis. After the concentration of ionic species in the systems is stabilised, the reaction 281 continues to progress. 282 consistent with the precipitation of reaction products during the first minutes of reaction, 286 followed by a sudden reduction of the heat release. For this paste two distinctive peaks 287 are observed, one between 0-1.5 h and the second between 1.5-6 h, which suggests that 288 the precipitation of different reaction type of products is occurring as the reaction 289 proceed, consistent with the fact that an increased concentration of activation can affect 290 the dissolution of the slag in these blended systems. The greater degree of dissolution of 291 the precursors which is achieved thus enables the progressive precipitation of a higher 292 amount of reaction products than what can be expected in these systems when activated 293 under lower alkaline conditions. Significant differences in the reaction heat are not 294 identified between pastes formulated with S/A 4.0 and S/A 4.4 ( Figure 1B ), consistent 295 with the fact that both pastes presented similar setting times (Table 3 ). Those 296 formulation conditions promote the release of higher amounts of heat, when compared 297 with pastes produced at lower concentrations of activation (S/A = 3.6), associated with 298 the formation of an increased amount of reaction products. 299
300
The curves of heat release of pastes formulated with increased contents of MK in the 301 binder (20 wt.% MK, Figure 1C ) present a sole asymmetric peak, attributed to the 302 acceleration period of the reaction, whose higher intensity is identified in binders 303 formulated with S/A = 3.6. This specific paste exhibit a delayed precipitation of reaction 304 products, which was not identified in binders formulated with higher concentrations of 305
activation. 306 307
With increased contents of MK (GBFS/(GBFS+MK) = 0.8), higher reaction heats are 308 released, indicating that increased alkalinity is favouring the enhanced dissolution of MK 309 and the consequent formation of a larger amount of reaction products. This elucidates 310 that although the MK contents in the blended systems assessed are relatively low, the 311 kinetics of reaction are strongly affected by the inclusion of this material, especially at 312 increased concentrations of activation, as consequence of the favoured dissolution and 313 polycondensation of metakaolin under these conditions [38, 39] . 314 reduced mechanical strengths at early times of curing. These results suggest that even 370 though the reaction of the slag is hindered using the activation conditions adopted in 371 study, the effective activation of the metakaolin included is achieved, and the later 372 strengths (70 -80 MPa) at 180 days of curing are characteristic of high performance 373 materials. 374
Accelerated carbonation performance of mortars
379
Carbonation depth 380
In Figure 3A it can be seen that there is a reduction in the carbonation depth in mortars 381 of alkali-activated slag, as the concentration of activation increases. Specimens 382 formulated with an S/A ratio of 4.4 exhibited a carbonation depth of 21%, after 340h of 383 exposure to 1% CO2, while samples formulated with S/A ratios of 4.0 and 3.6 present 384 carbonation depths of 42% and 37% respectively. After 540h of CO2 exposure, the 385 mortars produced with S/A ratio of 4.4 exhibited a carbonation depth of 51%, conversely 386 the mortars formulated with reduced concentrations of activation, where the 50.8 mm 387 mortar cube samples were fully carbonated after 540h of CO2 exposure. 388
389
In mortars produced with a GBFS/(GBFS+MK) of 0.9 ( Figure 3B In mortars formulated with a GBFS/ (GBFS+MK) ratio of 0.8 no significant differences in 403 the carbonation depth are identified for the different activation conditions adopted in this 404 study, especially after 340h of CO2 exposure. However, after 540h of CO2 exposure it is 405 possible to identify ( Figure 3C ) that higher concentrations of activation (associated with 406 higher S/A ratios) lead to a reduced progress of carbonation. It is worth noting that 407 carbonation depths of these activated blended mortars are significantly lower than those 408 identified in mortars with lower contents of metakaolin, independent of the 409 concentration of activation used. 410
411
It is important to note that these results differ from the identified by Burciaga-Diaz et al. 412
[41] who reported that increased concentrations of activation and addition of metakaolin 413 in alkali activated slag binders led to severe carbonation damage of the specimens. In 414 order to elucidate why different results have been identified, it is important to consider 415 the differences in the chemistry of the slag used by Burciaga-Diaz [41] and the slag used 416 in this study ( Table 1 ). The slag used in that study is richer in MgO (8.9 wt%) and has 417 reduced CaO (37.8 wt.%), compared to that used in the present study. The role of the 418 composition of the slag in the determining carbonation resistance of alkali-activated 419 binders has recently been elucidated [21] , so that higher contents of MgO in the slag 420 favour the formation of hydrotalcite type reaction products, which can absorb CO2, 421 enhancing the carbonation resistance of alkali-activated slag binders. Therefore, it might 422 be expected that the binders produced by Burciaga-Diaz et al. and Ca/Si ratios of the C-A-S-H forming in these systems will influence the 444 decalcification process taking place in these binders , and 445  the changes in permeability of these materials during accelerated carbonation, at 446 the different concentrations of activation and contents of metakaolin added to the 447 system, as this controls the diffusivity of CO2 within the samples. This will be 448 addressed in detail below, as sorptivity data for the mortars assessed will be 449 reported in Section 3.2.3. 450
Consequently, detailed microstructural characterisation of these binders after 451 carbonation is required to elucidate the role of the chemistry of the reaction products 452 forming in the carbonation reaction. GBFS/(GBFS+MK) ratio of 0.9 exposed to CO2 for 340 h exhibited an increase in the 486 compressive strength by up to 35% when the samples were formulated with S/A = 3.6, 487 which is entirely contrary to previous reports [45] of strength losses in alkali-activated 488 binders upon carbonation. No significant differences in strength as a function of 489 carbonation duration were identified in the carbonated specimens formulated with S/A 490 ratios of 4.0 and 4.4. This might be a combined effect of the initial carbonation of the pore 491 solution followed by the gradual progress of carbonation of the reaction products of these 492 samples (less than 10 mm between 340h and 540h of CO2 exposure), and the progressive 493 activation reaction taking place in the uncarbonated cores of the specimens generating 494 Regardless of the concentration of activation and the content of metakaolin in the binder, 535 after 340h of CO2 exposure, all the mortars showed (Table 4) a decrease in the capillary 536 coefficient (k, the initial slopes of the sorptivity plots in Figure 5 ) of up to 40%, when 537 compared with non-carbonated samples. Similar results are observed in specimens 538 exposed to CO2 for 540h. Lower k values are associated with a reduced capillary 539 sorptivity, indicating a decrease in the total porosity of the specimens. In all the mortars 540 assessed, the exposure to CO2 induced an increment in the resistance to water 541 penetration (m) (Figure 6 ), consistent with the reduction in the capillary coefficient (k). 542
Carbonated mortars solely based on slag and activated with the lower concentration of 543 activation (S/A -3.6) report resistance to water penetration values three times higher 544 than observed in non-carbonated reference samples. A similar trend was in observed in 545 mortars including 10 wt% of MK (GBFS/(GBFS+MK) -0.9) when activated at a similar 546 concentration of activation. In the other specimens, the increments in the resistance of 547 water penetration coefficient were up to 40%. 
Conclusions 557 558
The high alkalinity conditions adopted in this study to produce activated slag/metakaolin 559 blended binders affects the kinetics of reaction of the slag used, so that a higher 560 concentration of activation increased the initial setting times of the pastes, however the 561 time between initial and final setting of the activated slag binders was shortened as the 562 concentration of activation increased. The inclusion of metakaolin increases the total 563 setting time of the pastes produced from this unusually low-MgO slag, independent of the 564 amount incorporated and the concentration of activation used. This might be a 565 consequence of the combined effect of reduced dissolution of Ca from the slag, along with 566 a high dissolution of Al and Si species from metakaolin, which are favoured under the 567 highly alkaline conditions adopted. As the alkalinity in the binders is increased at higher 568 activator concentrations, the reaction of the system is governed by the dissolution and 569 polycondensation of the species from the metakaolin. The alkali-activated slag binders 570 tested here, at high activator concentrations, developed lower compressive strengths 571 than have been achieved when activating this slag under milder concentrations. Under 572 the activation conditions adopted here, the inclusion of metakaolin led to a significant 573 increase in the compressive strength, associated with the simultaneous reaction of slag 574 and metakaolin. 575 metakaolin, and also with increasing the concentration of the activator. Little or no loss 578 of compressive strength, and significant reductions in the water permeability, were 579 observed at longer times of CO2 exposure. This suggest that under the activation 580 conditions used, precipitation of a large amount of carbonation products might be taking 581 place as a result of interactions between the highly alkaline pore solution and the 582 incoming CO2, refining the pore network of the mortars. This hindered the ingress of CO2 583 within the samples and therefore reduced the carbonation progress. It is important to 584 note that no correlation could be identified between the carbonation front determined 585 using a phenolphthalein indicator, and the compressive strength and water sorption of 586 the test samples. The phenolphthalein indicator is revealing the regions where reductions 587 of the pH are taking place as a consequence of the carbonation of the pore solution, rather 588 than regions where damage to the strength-giving binder products is occurring. 589 Therefore, the methods used for measurement of carbonation depth in alkali-activated 590 materials requires reassessment, as the standard approach using a phenolphthalein 591 indicator may not be providing accurate information. 592 593 594
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